A new method combining a free-form solution for the neutron emissivity and the ratio method [1] is applied to the investigation of tritium particle transport in JET plasmas. The 2-D neutron emissivity is calculated using the Minimum Fisher Regularization method (MFR) [2] [3] . This method is being developed and studied alongside other methods at JET. The 2-D neutron emissivity was significantly improved compared to the first MFR results by constraining the emissivity along the magnetic flux surfaces. 1-D profiles suitable for transport analysis are then obtained by subsequent poloidal integration.
INTRODUCTION
Transport is a complex and fascinating issue in fusion plasma research. Its full understanding is generally regarded as a 'challenge' and still a distant prospect. However, both theoretical and experimental progress have been significant and have led to better understanding, controlling and predicting tokamak transport in a wide variety of plasma conditions and regimes [10] .
Particle transport is crucial for density control and burn control in a fusion reactor. Critical issues include the helium ash removal and central impurity accumulation. The density profile peaking is also an important issue because it will have a direct impact on fusion performance in ITER [11] [12] [13] . Numerous particle confinement and transport studies have been performed from the earliest confinement investigations in fusion plasma research. Despite that, the particle transport understanding is more limited compared to that of energy transport due to factors such as convection in addition of diffusion, particles sources and measurement issues.
Tritium is an extremely valuable tool for particle transport study. More generally, tritium has been essential on the fusion research path [14] . Tritium experiments at the JET tokamak, today's only tritium capable magnetic fusion device, have driven considerable progress in various fields of fusion plasma research and technology including heating, transport and energetic particle physics.
The fusion power world's record was achieved at JET and critical issues such as the tritium retention [15] emerged from these experiments.
For diagnostic purposes, it is convenient to use 'trace' quantities of tritium (n T /(n D + n T )< 3%, where n T ,n D are the fuel ion densities respectively tritium and deuterium) in order to balance the neutron flux from deuterium-tritium fusion reactions (energy of neutrons 14.07MeV) with neutron flux from less probable deuterium-deuterium fusion reactions (energy of neutrons 2.45MeV). Trace tritium experiments were performed on JET [5] in 1997 and 2003 [6] , and on TFTR [16, 17] . The time evolution of tritium spatial distribution can be detected in trace quantities by observation of the 14.07MeV neutron emission e.g. after tritium puff, allowing non perturbative transient experiments [4] . Trace tritium experiments allow convection velocities v T and diffusion coefficients D T to be measured separately, unlike particle transport studies on deuterium ions in steady state plasmas.
In the tritium transport analysis method on which previous JET publications are based [4] [5] [6] [7] [8] [9] the 14.07MeV D-T absolute neutron line integrals measurements were simulated and the transport coefficients varied until best fits were obtained. This method generally involves 1) a calculation of the fast particle density distribution and its distribution in velocity space 2) a model for the edge tritium source, 3) accurate absolute measurements of plasma and beam quantities, some of which are difficult to obtain and have relatively large uncertainties [18] .
In this paper, a new approach is presented in which direct knowledge of the 2-D tritium concentration or fuel ratio n T /n D is obtained using all neutron profile information available, e.g both 2.45MeV D-D neutron profiles and 14.07MeV D-T neutron profiles [1] . This is performed in two steps. First, the local neutron emissivity is calculated from the neutron line integrated measurements as inputs using the Minimum Fisher Regularisation (MFR) method [3] . In principle, methods to calculate the local neutron emissivity are not only restricted to MFR.
However, MFR has proved to be a convenient tool and provides for robust analysis of sparse data in plasma diagnostics [2, 3] . Furthermore, MFR method was successfully validated at JET for both spatial analysis of neutron emissivity and neutrons spectral data measured by the NE213 compact spectrometer [19, 20] .
In the second step, the local neutron emissivity for 2.45MeV D-D neutrons and 14.07MeV D-T neutrons is combined to obtain the local tritium concentration or fuel ratio n T /n D. Tritium particle transports are then derived using a linear regression and without any modelling of the neutron emission.
The paper is organized as follows. Section two describes briefly the JET neutron profile monitor which measures both spatial profiles and the temporal evolution of the 14.07MeV and 2.45MeV neutron emissivity respectively from D-T and D-D fusion reactions. In section 3, the method used to calculate the tritium particle transport coefficients and their uncertainties are described. The transport results are presented in section 4. Section 4.1 deals with a comparison of the results with the particle transport coefficient prediction from neoclassical theory. The proposed new method of finding transport coefficients is an alternative and independent method that can be compared with other methods based on forward-fitting. Comparison with previous results obtained via forwardfitting methods is presented in section 4.2. In section 4.3, the transport results are then compared with the global multi-machine ITER IPB98(y,2) parameter scaling for particle confinement. Section 5 contains the paper's summary and some concluding remarks.
JET NEUTRON EMISSION PROFILE MONITOR
Compared to other neutron flux measuring instruments available at any medium or large-size fusion tokamaks, the JET neutron profile monitor ( fig.1 ) is unique and it has the best capability in terms of number of line of sights, detectors, space and time resolution. The instrument was well described in several papers [7] [8] [9] .
In short, the system consists of 2 concrete shields of which each includes a fan-shaped array of collimators. These collimators define a total of 19 viewing lines herein after referred as lines of sight or channels, grouped in two cameras. The larger one contains 10 collimated channels with a horizontal view through the plasma while the smaller one has 9 channels with a vertical view. Neighbour lines of sight are 15-20cm apart and have a 7 cm width as they pass near the plasma centre.
Each collimated line of sight or channel includes three different detectors: i) a NE213 liquid organic scintillator for simultaneous measurements of the 2.45MeV D-D neutrons, 14.07MeV D-T neutrons and gamma-rays, ii) a BC418 fast scintillator for the measurements of 14.07MeV D-T neutrons only, iii) a CsI(Tl) scintillation detector for measuring the Hard X-rays and gamma-rays emission in the range from 0.2 to 6MeV. The excellent pulse shape properties of the NE213 liquid organic scintillator allows to identify and separate neutrons and gamma-rays. This separation is performed using Pulse Shape Discrimination (PSD) electronics. The NE213 detector array was originally equipped with LINK modules analogue PSD electronics [7] . With rapid development of fast transient digitizer, new digital electronic based pulse shape discrimination is being developed [21] [22] [23] and will ultimately replace the analogue electronics. With new digital electronics, the neutrons/ gamma-rays separation previously a hardware operation becomes a software operation on a lower level data set providing new capabilities such as reversibility and flexibility. The Pulse Shape Discrimination (PSD) settings are controlled by means of two movable 241 AmBe americiumberyllium neutron sources.
The second detector set consist of Bicron scintillators. These detectors are located in front of the NE213 scintillators and are coupled to photomultiplier tubes via a light guide. They are thin so that energetic gamma rays cannot deposit sufficient energy to produce a pulse higher than that produced by a neutron of 10MeV.
The neutron detection efficiency depends on the scintillator geometry and the energy bias setting of the Pulse Shape Discrimination (PSD) electronics. The bias setting is controlled by recording the count-rates from a 22 Na sodium-22 gamma-ray source which is embedded in the scintillator. The The total uncertainty resulting from all these factors was calculated and with the exception of two bad channels (8 and 10), all NE213 channels had an error in neutron brightness less than 7%.
For the bicron detectors, efficiency errors were estimated between 3% (for the best channels) up to 10% (for the worst channels) for both horizontal and vertical neutron camera. In that case, use of the 'reference profile' is therefore recommended. As part of the future neutron profile diagnostic developments, detector events processing will be gradually improved, including the use of fast digitizing techniques [21] [22] [23] . This should allow a better separation of 14.07MeV D-T and 2.45MeV D-D neutrons.
TRANSPORT COEFFICIENTS CALCULATIONS USING MINIMUM FISHER REGUARISATION AND RATIO METHOD
The approach proposed in this paper involves the reconstruction of the time evolution of local neutron emissivities from the line integrated measurements. This presents an inverse task, often referred to as 'plasma tomography' which is strongly underdetermined due to sparse coverage in the projection space. It is a classical example of an ill-conditioned task so that minor data errors may result in artifacts in the reconstructed emissivity. These adverse features are suppressed by well-defined constraints in the reconstruction method [25] , in particular by enforcing smooth spatial and temporal characteristics of the plasma emissivity. Minimum Fisher Regularisation [2] (MFR)
belongs to the group of Philips-Tikhonov regularisation methods, with its smoothness constraint imposed on the first derivative norm and the emissivity pattern iterated towards a distribution with minimum Fisher information (see section 3.1). A considerable advantage of the Philips-Tikhonov methods is that the algorithm actually finds a single "inversion" matrix which -upon multiplication by plasma projections -directly determines local emissivities, see equation (4) below. In the rapid version of MFR [3] the matrix is applied to all timeslices within the analysed time interval which results in a speed gain and a smooth emissivity evolution. This makes MFR particularly adequate for the data analysis of perturbative experiments, including data from the trace tritium experiments.
In principle, methods to calculate the local neutron emissivity are not restricted to MFR but generally encompass a large class of plasma tomography methods potentially capable of finding a free-form solution to the inversion problem. Some methods were previously developed at JET, such as the Cormack method [26] or constrained optimization [25] . Other methods are currently being investigated including MFR [2, 3] and Maximum Likelihood [27] . The MFR algorithm was successfully validated at JET for both spatial analysis of neutron emissivity and in spectral analysis of neutrons measured by the NE213 compact spectrometer [19, 20] . Recent experience at JET proved that its rapid version presents robust and computationaly inexpensive algorithm relevant to analyses of trace tritium experiments [28, 29] . It is presently much faster than any other similar techniques available at JET, which is also an essential advantage when a large number ( >10 6 ) of reconstructions is needed for the error determination via a Monte Carlo procedure (see section 3.5).
NEUTRON EMISSIVITY CALCULATION BASED ON THE MFR METHOD
In the Philips-Tikhonov method, the emitting region is divided into a number of finite picture elements or pixels within which the emissivity is assumed to be constant [2] . Each detector views a number of pixels so that the signal P i from the i-th detector is a linear combination of emissivities in the pixels g j :
where N is the total number of pixels, the matrix elements A ij describe the contribution of the j-th pixel emissivity to the signal level in the i-th detector, and δ i represent data errors (both systematic and noise). Note that the matrix A ij is defined purely by the geometrical properties of the tomography setup. For the algorithm used in this work, the geometrical matrix A ij was pre-calculated on a grid of 680 pixels (size of grid element 10cm × 10cm). In the applied Philips-Tikhonov regularisation, the constraint on the Minimum Fisher information is introduced by minimising
where λ is the regularisation parameter, the Fisher information is defined by
and similarly to other inversion algorithms the goodness-of-fit is determined via the chi-square test. In practice this means that the regularisation parameter λ is determined so that residual misfit of the reconstructed emissivity does not exceed experimental data error bars σ i , i.e, λ is iterated until | χ 2 -1| < ε is reached, see e.g. [2] . In the case of the rapid version of the MFR algorithm, the χ 2 test includes time averaging in addition to averaging over viewing lines:
where M is the total number of detector chord-integrated measurements, τ indexes the timeslices and S stands for the total number of time slices. Note that the individual terms of the sum in equation ( 
This matrix can be consequently applied to all timeslices within the analysed time interval which results in a speed gain. The inversion matrix D ij can be deduced from the constraint (2) via numeric differentiation, see [2] , with the following result:
where \ means matrix left division that stands for a numerically advantageous equivalent of U -1
A.
The square matrix U reads (6) where B jk is the smoothing matrix, λ is the regularisation parameter and w k are weighting factors. In the MFR, the matrix B jk corresponds to the first-order derivation operator imposed on a pixels grid so that it is, like the matrix A ij , constant for the given set-up. Consequently, only parameters λ and w k actually control the regularisation process and, in case of the rapid version, they are time averaged. The weighting factors w k serve to implement the constraint of minimum Fisher information as detailed in [2] .
Previous works [25] showed that emissivity reconstructions were easily improved by constraining further the free-form solution. In particular, anisotropic smoothing was implemented in the case of constrained optimization method [25] and, more recently, in the MFR algorithm. The idea of the anisotropic smoothing stems from the fact that in magnetized fusion plasmas, transport along magnetic field lines -so called parallel transport -is much faster (in first order) than transport across magnetic field lines. Therefore, any emissivity structures tend to be averaged out by fast parallel transport which prompts for implementation in the smoothness constraint. The anisotropic smoothing then reinforces smoothness in the direction parallel to the magnetic field, i.e. along magnetic flux surfaces. This constraint proves to eliminate major artifacts due to sparse projections.
The difference is illustrated in figure 2 . However, the corresponding algorithm has to rely upon position and shape of the magnetic flux surfaces, introducing potential systematic errors and slighltly slowing down the algorithm.
In the new MFR version with anisotropic smoothing, individual terms of the smoothing matrix B jk are transformed into components parallel and perpendicular to the magnetic flux surfaces, which are uploaded from the EFIT reconstruction [30] of the magnetic measurements. Each weighting factor w k in (6) is then split into two components, the parallel one with an increased value, and the perpendicular one whose value has to be decreased correspondingly.
In the current MFR upgrade the anisotropy level is set manually. First experience shows that it is quite straightforward to find an anisotropy level at which major artifacts dissapear, with no abrupt change in the emissivity pattern if the anisotropy level is further increased. This indicates that the anisotropy constraint provides a solid performance with a potential for an automated solution in the next step.
Recent developments in the MFR were not solely limited to anisotropic smoothing. The most recent MFR upgrade benefits from an improved tomography setup matrix A ij which includes the effects of finite viewing lines widths in the chord-integrated measurements and a fixed boundary condition at the last closed flux surface [31] .
TRITIUM CONCENTRATION USING RATIO METHOD APPROXIMATION:
The ratio method was first discussed in [32] and then further refined and developed [33, 1] for the analysis of tritium experiments at JET. The ratio method approximation [1] allows to calculate the tritium concentration profile from 14.07MeV D-T and 2.45MeV D-D local neutron emissivities.
The tritium concentration or fuel ratio is given by:
In this expression, the Y(r) DT total neutron emission is the sum of these three components. Experimentally, neutron spectroscopy can help in measuring the amount of each component but this information is not generally available except in few cases [34] . When experimental information from neutron spectroscopy is not available, the contribution from each component must be calculated using codes such as TRANSP [35] or using approximate scaling laws [36] . For this paper, a 1-D reactivity ratio was adopted and used to weight the ratio of the measured neutron profiles. As illustration, a calculation of the 1-D reactivity ratio is shown in figure 3 In the section 3.5 on error analysis, the contribution of the reactivity ratio to the total uncertainty budget for the transport coefficients is further discussed.
Formula (7) is restricted to cases of deuterium plasmas with dominant beam-thermal neutron emission with injection of deuterium neutral beam (no injection of tritium neutral beam). Extension to other cases and corrections are discussed in [1] . Within the set of plasmas investigated in this paper, beam-thermal neutron emission is clearly the dominant contribution ranging from 60% to 90%, thermal neutron reactions account for 10-30% and beam-beam reactions account for less than 5% of the reactions.
Plasmas with strong auxiliary heating (> 30% of total heating power) in the ion yclotron frequency range (ICRH) are excluded from this study because of distortion of the deuteron velocity distribution arising from ICRH heating and because this is not currently accounted for in the ratio approximation method.
1-D n T / n D profiles:
Radial profiles of the c T = n T / n D ratio -suitable for thermal tritium transport analysis -were considerably eliminated artifacts observed in the first applications of MFR reconstruction to tritium transport studies [29] . Consequently, the detrimental effect of data noise can be considerably reduced without hampering any information on transport if a careful integration of the emissivity ratio is carried out along the magnetic flux surfaces.
In some cases, transient poloidal asymmetric features shortly after tritium puffing were observed in 14.07MeV D-T neutron profiles. The phenomenology of these experimental observations was summarised earlier in [37] . The 1-D averaged transport results discussed in the present paper are generally robust and the effect of these unexplained data features is marginal (see in section 3.5). Detailed 2-D analysis and interpretation of these unexplained data features are left as topics for more advanced future studies and will not be discussed further here. Figures 4 and 5 show the typical tritium concentration profiles obtained. The time evolution and radial evolution of the poloidal integral of the tritium concentration n T / n D shortly after a tritium gas puff is plotted. The tritium diffusion is clearly seen. Note the slower tritium penetration into the plasma in figure 5 compared to figure 4 . Figure 4 shows the case of JET plasma pulse 61161, an hybrid scenario discharge with 'low' central value of the electron density (n e0 < 3.10 19 m -3 ). Figure 5 shows the case of JET plasma
Pulse No: 61372, an ELMy-H mode discharge with 'high' central value of the electron density (n e0 > 4.10 19 m -3 ). In figure 4 and 5, a clear visualisation of the tritium concentration diffusion has been achieved, for the first time, based on neutron data only, which obviously demonstrates one basic advantage of the novel method.
In the next section, we show how a linear regression method is systematically applied to the 1-D n T / n D profile dynamic in order to calculate the tritium particle transport coefficients
TRITIUM TRANSPORT
In order to analyze the tritium rise phase following a trace tritium gas puff, the usual transport relation for the particle flux Γ was assumed: (8) Equation (8) is the well-known Fick's law with an additional convection or drift term. Here ρ denotes the usual surface coordinate. Equation (8) is the most simple particle transport relation to start with and it was found sufficient to fit the experimental data in most cases [38] . Note the usual convention that Γ > 0 stands for an outward tritium flux, and a negative V means an inward drift or convection velocity. Equation (8) above divided by n gives: (9) Γ is obtained from the local particle balance (or continuity equation) which ensures that inside a volume V ρ with no sources or sinks, any change in the particle density is due to transport across surfaces S ρ delimiting this volume. Using gauss theorem, we have: (10) In trace tritium experiments, the tritium gas puff is located at the plasma edge and no tritium particle source exists in the neutron emitting plasma (no tritium neutral beam injection or pellets are
considered here, charge exchange losses are neglected).
Furthermore, the plasma fuelling and heating are kept constant throughout the plasma discharge.
The plasma is therefore brought to a quasi-stationnary state and the transport coefficients D and V are assumed to be independent of time during the tritium gas puff. Under these assumptions, it is straightforward to determine experimentally tritium transport coefficients from the tritium density profile, its gradient and its time derivative. Indeed, plotting in a diagram ( figure 6 ) the temporal series of experimental data for Γ/n versus /n immediately allows to investigate how experimental data measured during the tritium rise phase fit relation (9) . In this respect it is an important feature of the rapid MFR method that smoothing is applied in both radial and temporal coordinates, see eq. An important remark about the meaning of n in the above equation (9) must be made. The tritium concentration or fuel ratio profile n T / n D is obtained from the ratio method and not the absolute tritium density n T . In the trace tritium gas puff experiments, the deuterium fuelling conditions are kept constant throughout the plasma discharge. The deuterium density is stationary or quasistationary during the tritium gas puff and therefore does not contain essential information on the tritium dynamic. However, in order to study the scaling of the derived transport coefficients, it is more adequate to translate the results in terms of tritium density and perform the linear regression in terms of tritium density. In this paper, the tritium concentration c T = n T / n D was multiplied by the deuterium density from charge-exchange measurements.
In the case the results are only available in the concentration n T /n D variable, the transport coefficients can be directly compared with transport coefficients obtained with other methods for the core values. In this limit case, it can be shown D and V closely approach D T ,V T .
For some discharges studied, the transport relationship (9) could not be fitted to the experimental data points and consequently were excluded from the transport analysis. This occurred in a number of cases including: 1) noisy diagnostic data: this happens in case of bad separation between neutron and gamma events (gamma breaking in the neutron channel), 2) unstable plasma behaviour [39] which can hinder in a number of cases the application of the experimental transport analysis techniques such as sudden changes in plasma state. These changes may be due to plasma instabilities or transitions between different plasma states. 3) Finally, sudden strong changes affecting the D-D neutron emission during the tritium diffusion phase are not captured in the present analysis. Ongoing developments and upgrade of the neutron camera will address issues 1) and 3) and this means that significant improvements for future trace tritium experiments should be expected.
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ERROR ANALYSIS:
A Monte Carlo technique was developed and applied to the determination of errors in the particle transport coefficients. The likelihood distribution functions were calculated using multi-variate fast gaussian sampling [40] on an N dimensional space (N = 2 × 19 camera channels x number of data time slices). The Monte Carlo scheme can be described as follows: For each Monte Carlo sample, i) White noise with amplitude determined by data error estimates are added to the measured data ii) the tomography is run. iii) the transport coefficients are determined. Finally, the errors are estimated from the computed statistical distribution of the transport coefficients. The CPU time for the error calculation is kept reasonably low mainly due to the speed of the the Minimum Fisher regularisation algorithm. Figures 7 a) and b) show the likelihood distribution functions for diffusion coefficient D and convection velocity V respectively for discharge 61138 at ¡ = 0.1. Note that width on V distribution is larger indicating a larger uncertainty for the determination of the convection velocity. This is a systematic behaviour indicating a larger error bar on the convection.
In a carefully studied case, the uncertainty budget for the transport coefficient values in the region (ρ < 0.5) was estimated as follows: i) systematic errors from tomography were found to be the largest source of uncertainty: 38% relative error for D , 52% relative error for V ii) Magnetic equilibrium reconstruction errors (EFIT) give rise to 15% systematic variations, iii) ratio approximation, when assuming T reactivity quasi-static during T puff which is reasonable for trace tritium experiments, systematic variations of order 10-15% were found between the uncorrected case and the use of fully corrected reactivity ratio from TRANSP simulations.
In some cases, transient poloidal asymmetric features shortly after tritium puffing were observed in 14.07MeV D-T neutron profiles. These features were mostly observed on channel 1 of the horizontal array and channel 18 of the vertical array of the neutron camera.
To finish this chapter on error analysis, the sensitivity to both above described channels and their impact on the value of the transport coefficients were also investigated using three different test methods described as follows. The transport coefficients were re-calculated using the general Monte Carlo scheme described in the beginning of this section and with the following input conditions: Test method 1) Increase data error on both selected channels. Test method 2) Vary systematic error on both selected channels. Test method 3) Total rejection of both selected channels. Note that these transport coefficients calculations were repeated at radial position ρ = 0.1 and ρ = 0.5 in order to compare changes in core plasma and outer plasma. In the core (ρ = 0.1), the maximum change was found running the analysis ignoring both channels(test method 3) this led to only 3% maximum variation for the core D coefficient (7% for V). At ρ = 0.5, the maximum change for D of 27%was found running the calculations ignoring both channels and a maximum change for V of 51%.
In summary, at ρ = 0.1, there is clear evidence that the effect of both these channels on 1-D averaged transport results is small. At ρ = 0.5, the calculations show clearly more variations at ρ = 0.5 than in core, as obviously expected, because channels 1 and 18 capture the tritium dynamic in the outward plasma. The higher variation for V is also expected as relative error on V were systematically found larger in the error analysis. Overall, the maximum changes for both D and V were found within the uncertainties.
COMPARISON WITH NEOCLASSICAL TRANSPORT COEFFICIENTS
In the Transport theory, neoclassical transport is determined by combination of charged particles trajectories in toroidal geometry and the collisions between particles, therefore it presents a theoretical limit of the plasma confinement quality. For electrons the experimentally measured transport is, depending on the conditions, one to several orders of magnitude faster than the prediction of the neoclassical theory. The turbulent transport theory has been developed in order to explain the large observed differences. The turbulent transport influences or even determines completely in some cases the heat and particle transport of all particles, electrons, ions and impurities [41] .
In contrast with the electron transport, the transport of ions is characterised by values much closer to neoclassical prediction and in some cases it can even explain well the experimentally observed values. The neoclassical diffusion for tritium particle was calculated using JETTO simulations [42, 43] . JETTO is a one-and-a-half-dimensional transport code which calculates the evolution of plasma parameters in a time dependent axisymmetric MHD equilibrium configuration.
Error bars in experimental diffusion coefficients were obtained with the Monte Carlo procedure described in the previous section 3.5. Figure 8 shows the experimental diffusion coefficient and its variation along the radius. Note that in the plasma core the experimental values of diffusion are found to be similar to the neoclassical prediction. Diffusion increases in the outer plasma region where it eventually clearly departs from the neoclassical value. Figure 9 shows the experimental convection term and its variation along the radius. The experimental values do not contradict the neoclassical transport values in the plasma core however they suffer from large errorbars.
COMPARISON WITH PREVIOUS RESULTS
Previously, Zastrow and co-workers successfully obtained and reported tritium particle transport coefficients results [4] [5] [6] . In their work, 14.07MeV neutrons line integrated absolute measurements were simulated and the transport coefficients were varied until the closest least square fit to the 14.07MeV neutron data was reached. The simulations were performed with the help of the UTC code [44] and with the transport modelling performed by the 1-D impurity transport model SANCO [45] . The resulting neutron emission was calculated with the TRANSP [35] code. Table I Results for the peaking which determine the profile shape were reported in [4] . Furthermore the tritium transport results contributed to a recent study of Z dependence of peaking [47, 48] . Peaked fuel profiles have potential to improve fusion power for a given average density and pressure [11] .
Peaking factor (-v/D) is introduced here so that a positive value for the peaking results in a peaked profile in accordance with equation (9) uncertainty to those found previously [4] . Note the convection velocity values suffer from large error bars.
TRITIUM PARTICLE TRANSPORT PARAMETERS DEPENDENCE
The principle basis for the study of transport parameters dependence states that, for matched geometry, source and sinks, the transport physics of a given isotope tokamak plasma can be described by three dimensionless parameters [49] [50] [51] . The choice of the three dimensionless parameters has some freedom, but the standard set usually consists of the normalised Larmor radius, ρ*= ρ Ti /a, ratio of the plasma and magnetic field pressures β = 2 µ 0 p/B and the normalized plasma collision frequency ν* = ν ie R/a ω Tbi where ρ Ti is the thermal ion Larmor radius, a(R) is the machine minor(major) radius, T is the temperature, B is the magnetic field, µ 0 is the permeability of the vacuum, p is the plasma thermal pressure, ν ie is the ion-electron collision rate, and ω Tbi is the thermal ion bounce frequency for ions trapped in the "banana" orbits [52] .
Empirical power law scaling expressions can be expressed either in dimensionless variables or in engineering variables [52, 53] . Studies of the tritium particle transport in terms of dimensionless parameters were carried out by several authors [4, 46] .
In this section, the scaling in the 'engineering variables' is used and its prediction compared to our data. The engineering variables are: R = major radius (geometric centre), a = minor radius , I = plasma current, B = toroidal magnetic field (at major radius R), P = loss power, n = average density, κ = elongation, M = average ion mass. In ITER design [54, 46] 
The plot in figure 9 shows for the set of discharges studied the derived core tritium particle diffusivity
(1/D) compared with the ITER scaling (12) . The different types of discharges have been indicated.
The experimental data for the ELMy H mode discharges are broadly in agreement with the global scaling expression (12) . Within uncertainty and within the data subset analyzed, these data do not contradict the IPB98(y,2) scaling. Note one particular data point for an ELMy-H mode plasma discharge shows higher diffusion and deviates by about a factor of two. This plasma discharge was heated with a significant amount of ICRH heating power (more than a third of total applied auxiliary power). A similar effect on the characteristic decay time of central value of n T /n D was observed in a set of 30 ELMy H mode discharges in an earlier study [1] . In that study, faster decay time of central value of n T /n D was found for plasmas having some ICRH heating power fraction (however still <20% of total heating power). Further study is required to determine whether this is due to some physical effects or a limit of the approach developed in this paper (see section 3.2).
Two ITB plasma discharges and two hybrid discharges have also been plotted in figure 8 . Analyses of the two ITB plasmas show lower than predicted values of diffusion thereby indicating a higher core tritium diffusion. Diffusion in the case of one of the Hybrid discharges analysed is clearly higher. It would be interesting to analyze more discharges for both ITB plasmas and Hybrid plasmas in order to consolidate these observations. The slope used for the best fit is by about 15 percent higher than for helium ƒ pHe (12) .
SUMMARY
A new method combining a free-form solution for the neutron emissivity and the ratio method has been developed. This method was applied for the first time to the investigation of tritium transport in JET plasmas. The Minimum Fisher Regularization method was used in order to obtain the local neutron emissivity. The local tritium concentration or fuel ratio n T /n D was derived using the ratio method in a way that it is constrained from both 2.45MeV D-D neutron profiles and 14.07MeV D-T neutron profiles.
This method provides for the first time for a direct visualisation of the tritium concentration diffusion following the tritium gas puff.
The method is attractive for the quantitative determination of transport coefficients and provides for independent results on tritium thermal transport. It is robust, primarily dependent on the neutron measurements and uses all the neutron measurements available. It is weakly sensitive to accurate absolute measurements of plasma and beam quantities, some of which are difficult to obtain and have relatively large uncertainties. It is largely independent on the calculated deuterium beam deposition profile and beam slowing down distribution and it does not require a model for the edge tritium source.
The tritium particle thermal transport was studied for a set of JET discharges with tritium gas puff and the particle transport coefficients were derived for the first time using this technique. Comparison with neoclassical values shows that tritium diffusion in the core can be as low as neoclassical level. Within uncertainty, tritium particle confinement was also found to follow the ITER IPB98(y,2) global particle scaling confinement for the set of ELM-y H mode plasmas studied, albeit with a systematically higher than helium particle diffusivity by about 15 percent.
The JET neutron profile measurements were used for the first time in such a direct way to measure tritium particle thermal transport coefficients and the first results obtained give ample justifications for the further development and optimization of this kind of approach. Finally, the future diagnostic developments at JET and in particular the upgrade of the neutron camera electronics will considerably improve the availability and quality of neutron profile measurements for any foreseeable trace tritium experiments at JET 
